Two studies were conducted to investigate the effects of red pepper (capsaicin) on feeding behaviour and energy intake. In the first study, the effects of dietary red pepper added to high-fat (HF) and high-carbohydrate (HC) meals on subsequent energy and macronutrient intakes were examined in thirteen Japanese female subjects. After the ingestion of a standardized dinner on the previous evening, the subjects ate an experimental breakfast (1883 kJ) of one of the following four types: (1) HF; (2) HF and red pepper (10 g); (3) HC; (4) HC and red pepper. Ad libitum energy and macronutrient intakes were measured at lunch-time. The HC breakfast significantly reduced the desire to eat and hunger after breakfast. The addition of red pepper to the HC breakfast also significantly decreased the desire to eat and hunger before lunch. Differences in diet composition at breakfast time did not affect energy and macronutrient intakes at lunch-time. However, the addition of red pepper to the breakfast significantly decreased protein and fat intakes at lunch-time. In Study 2, the effects of a red-pepper appetizer on subsequent energy and macronutrient intakes were examined in ten Caucasian male subjects. After ingesting a standardized breakfast, the subjects took an experimental appetizer (644 kJ) at lunch-time of one of the following two types: (1) mixed diet and appetizer; (2) mixed diet and red-pepper (6 g) appetizer. The addition of red pepper to the appetizer significantly reduced the cumulative ad libitum energy and carbohydrate intakes during the rest of the lunch and in the snack served several hours later. Moreover, the power spectral analysis of heart rate revealed that this effect of red pepper was associated with an increase in the ratio sympathetic : parasympathetic nervous system activity. These results indicate that the ingestion of red pepper decreases appetite and subsequent protein and fat intakes in Japanese females and energy intake in Caucasian males. Moreover, this effect might be related to an increase in sympathetic nervous system activity in Caucasian males.
Dietary fat intake has markedly increased with industrialization in many countries (Leaf & Weber, 1987) . Experimental (Lissner et al. 1987; Tremblay et al. 1989 Tremblay et al. , 1991 and cross-sectional (Lissner et al. 1987; Tremblay et al. 1989 Tremblay et al. , 1991 studies have demonstrated that a higher fat content in the diet is associated with an increase in daily energy intake. This is not without consequence since high fat intake seems to be associated with increased body fatness (Dreon et al. 1988; Romieu et al. 1988) . Warwick & Schiffman (1992) reviewed the literature related to the role of dietary fat in energy intake and body-weight gain in human subjects and laboratory animals. They concluded that both energy intake and expenditure are modified to favour positive energy balance when a high-fat (HF) diet is consumed and that the high energy density of HF diets plays a primary role in weight gain. This effect of HF intake on energy and lipid balance might be explained by the fact that experimental evidence supports the idea that highcarbohydrate (HC) diets are more satiating than HF diets (Thomas et al. 1992; Blundell et al. 1993; Lawton et al. 1993; Stubbs et al. 1995) and that the reduction of fat intake when fat is replaced by a fat substitute does not result in increased hunger or full compensation of decreased energy intake (Westerterp-Plantenga et al. 1997) . Therefore, it could be concluded that a HF diet is characterized by a lower potency to prevent overfeeding. From a public health standpoint, the overfeeding resulting from a HF dietary regimen probably represents one of the factors responsible for the high prevalence of obesity observed in industrialized countries.
Capsaicin, which is the major pungent principle in hot red pepper, has long been used as an ingredient of spices all over the world. Kawada and colleagues (Kawada et al. 1986) have reported that the addition of capsaicin to a HF diet lowers perineal adipose tissue weight in rats in a dosedependent manner. We have also reported that the addition of capsaicin to a HC diet results in a reduction of the epididymal adipose tissue weight at the same energy intake (Matsuo et al. 1996) . These results indicate that addition of capsaicin to foods could reduce adiposity, a phenomenon which can be explained partly by the enhancing effects of capsaicin on energy and lipid metabolism via catecholamine secretion from the adrenal medulla in rats (Watanabe et al. 1987a,b; Kawada et al. 1988) . Since an increase in sympathetic nervous system (SNS) activity affects food intake behaviour (Russek et al. 1987; Bray, 1991; Raben et al. 1996) , we hypothesized that the addition of red pepper (capsaicin) to the diet can decrease food intake and that this is associated with an increase in SNS activity. Specifically, in a first study we investigated whether the addition of red pepper to breakfasts of differing macronutrient composition could influence subsequent food intake and subjective feelings of hunger and satiety. Moreover, in order to document further the effects of red pepper on human eating behaviour, we performed a second study to investigate whether the addition of red pepper to an appetizer could influence subsequent food intake and whether this effect is related to concomitant changes in SNS activity.
Methods
Studies 1 and 2 were designed to test the impact of red pepper in real-life settings. In Study 1, we wanted to measure the impact of red pepper (capsaicin) added to meals (in this case breakfast meals) of differing macronutrient composition (HF v. HC) on subsequent subjective feelings of hunger and satiety as well as on subsequent ad libitum energy and macronutrient intakes at lunch-time (3 h following this test meal). Study 2 was designed to measure the impact of a preload (appetizer) with or without red pepper on ad libitum energy and macronutrient intakes immediately after consumption of this preload. Since many authors have tested similar hypotheses with a test meal given at breakfast time (see, for example, Blundell et al. 1993) , we decided to adopt the same procedure. In order to be concordant with Study 1, we then had to measure ad libitum food intake after the appetizer at lunch-time. In a sense, we did not aim to reproduce the results of Study 1 with those of Study 2; rather we wanted to document further the impact of red pepper on human ad libitum food consumption. This is the main reason for the apparent differences of design between Studies 1 and 2.
Study 1
Subjects. Thirteen healthy Japanese females (age 25⋅8 (SD 2⋅8) years, weight 54⋅2 (SD 6⋅4) kg, height 1⋅57 (SD 0⋅04) m, body fat 25⋅3 (SD 4⋅7) %) volunteered to participate in this study. The participants were asked to maintain their regular dietary habits and to abstain from intake of alcohol and caffeine on the day before the investigation. Strenuous physical activity was not allowed for 2 d before each experimental session to prevent the stimulation of energy metabolism (Bielinski et al. 1985; Bahr et al. 1987; Tremblay et al. 1988 ). All subjects were tested during the follicular phase of the menstrual cycle. The written consent of each subject was obtained before admission to the study; experimental procedures conformed to the Declaration of Helsinki.
Experimental protocol and measurements. The experimental protocol of this study was designed to investigate the effects of red pepper added to HF and HC meals on subsequent energy and macronutrient intakes. A detailed description of the composition of the red pepper used (Saemaul Kongjang 1) is given in Table 1 . The subjects consumed a standardized dinner (15, 25 and 60 % energy from protein, fat and carbohydrate respectively) on the day before each session. On the next morning, they participated randomly in one of four test sessions which consisted of the measurements of energy and macronutrient intakes 3 h after the experimental meals, each of which provided 1883 kJ. These meals differed between sessions according to the following specifications: HF meal (% energy: protein 15, fat 45, carbohydrate 40), HF and red-pepper (10 g) meal, HC meal (% energy: protein 15, fat 25, carbohydrate 60), and HC and red-pepper meal. The subjects rested on a chair in a semi-reclining position for 3 h to perform calorimetric measurements after the meals. At lunch-time, the subjects were instructed to eat ad libitum in the laboratory until satiated. To facilitate the measurement of food intake, food was prepared and pre-portioned. After each meal, quantities of foods that were not entirely consumed were reweighed to determine net intake of each food. The Canadian Nutrient File 1991 software was used to calculate energy, protein, lipid and carbohydrate intakes from these measurements.
Prospective food consumption, desire to eat, hunger, fullness and satiety were measured immediately before and after the breakfast and lunch by using a 150 mm visual analogue scale, as further described in Table 2 , which was adapted from the method previously described by Hill & Blundell (1986) . All results obtained with the visual analogue scale were converted to scores ranging from 0 to 100 for statistical analysis.
Because elemental conditions and the physical state of foods affect spontaneous energy intake in human studies (Kissileff, 1985; Himaya & Louis-Sylvestre, 1998) , precautions were taken to maximize the reliability of experimental conditions: subjects were given standardized instructions, the confounding effect of external factors such as light and noise was minimal, the time interval between meals was comparable in each session, and foods used were normally eaten by subjects.
Statistical analysis. A three-way ANOVA for repeated measures was used to determine effects of diet composition, red pepper and time as well as their interactions on prospective food consumption, desire to eat, hunger, fullness and satiety. We also used a two-way ANOVA to determine the effect of diet composition × red pepper as well as the diet composition × red pepper interaction on energy and macronutrient intakes. When the ANOVA revealed a significant effect, a contrast analysis adjusting for multiple comparisons was applied to identify which conditions differed from each other. Differences were considered to be statistically significant at P Ͻ 0⋅05. Statistical analyses were performed with SuperAnova Software, version 1.11, ᭧ Abacus Concepts, Inc. 1991, Cary, NC, USA. All results are expressed as means with their standard errors.
Study 2
Subjects. Ten healthy Caucasian males (age 32⋅9 (SD 7⋅8) years, weight 72⋅5 (SD 10⋅1) kg, height 1⋅75 (SD 0⋅06) m) volunteered to participate in this study. The instructions to participants were the same as those in Study 1. The written consent of each subject was obtained before admission to the study; experimental procedures conformed to the Declaration of Helsinki.
Experimental protocol and measurements. The experimental protocol of this study was designed to investigate the effects of an appetizer containing red pepper on subsequent energy and macronutrient intakes. The subjects consumed a standardized breakfast (% energy: protein 18, fat 39, carbohydrate 43) and they participated randomly in the two test sessions which consisted of measurement of ad libitum energy and macronutrient intakes after the experimental appetizers at lunch-time. In each session, the energy content of the appetizer was 644 kJ (% energy: protein 15, fat 29, carbohydrate 56) and it differed only in red pepper content (0 v. 6 g red pepper). After consuming the appetizer, the subjects were instructed to eat ad libitum until satiety was reached. A snack was also offered in the middle of the afternoon (3 h after lunch) and the subjects were again instructed to eat ad libitum. The procedures to measure food intake were identical to those used in Study 1.
Heart-rate power spectral analysis was performed throughout the experiment using an electrocardiograph (Q4000 Quinton, Seattle, WA, USA). The electrocardiographic signals were digitized, stored on hard disk and sampled at a rate of 500 Hz, with twelve precision bits. The QRS complex (lead II) was automatically recognized by a classic derivative/threshold algorithm. Power spectra were calculated from a consecutive series of 512 R-R intervals. As previously reported (Pomeranz et al. 1985; Arai et al. 1989) , the ratio low-frequency (0⋅04-0⋅15 Hz Eq) : high-frequency (0⋅15-0⋅50 Hz Eq) components of spectra was used as an indicator of the ratio sympathetic : parasympathetic nervous system activity. It has been reported that the intra-individual CV of heart-rate spectral analysis measured four times over 27 d was 16⋅7 % (Hirsch et al. 1991) . It has also been found that this method provides realistic information about changes in SNS activity in the context of experimental overfeeding and underfeeding (Aronne et al. 1995) .
Statistical analysis. A two-way ANOVA for repeated measures was used to determine effects of red pepper and time as well as their interactions on dependent variables, whereas a three-way ANOVA was used to determine the effects of time, red pepper, diet composition, and their interaction on prospective food consumption, desire to eat, hunger, fullness and satiety. When the ANOVA revealed a significant effect, a contrast analysis adjusting for multiple comparisons was applied to identify which conditions differed from each other. Pearson's correlation coefficients were calculated to quantify the associations between changes in energy intake and those derived from the power spectral analysis of heart rate. Differences were considered to be statistically significant at P Ͻ 0⋅05. Statistical analyses were performed with SuperAnova Software, version 1.11, ᭧ Abacus Concepts, Inc. 1991. 
Results

Study 1
Effects of red pepper added to HF and HC breakfasts on energy and macronutrient intakes are presented in Table 3 . The macronutrient composition of breakfast did not affect the weight of ingested food, or energy and macronutrient intakes at lunch-time. However, the addition of red pepper to breakfast significantly decreased protein intake (by 20 % and 6 % for HF and HC conditions respectively, P Ͻ 0⋅05) and fat intake (by 17 % and 11 % for HF and HC conditions respectively, P Ͻ 0⋅05) at lunch-time. Red pepper also tended to decrease energy intake (11 % and 4 % for HF and HC conditions respectively) but this effect did not reach statistical significance.
Variations in prospective food consumption, desire to eat, hunger, fullness and satiety as measured by visual analogue scales are shown in Fig. 1 . Prospective food consumption was significantly higher in the HF meal condition immediately after the breakfast and before the lunch. The addition of red pepper to experimental meals significantly decreased the prospective food consumption immediately before the lunch whereas the opposite effect was seen after the lunch. Desire to eat was significantly higher in the HF meal conditions immediately after the breakfast, but red pepper corrected this effect by significantly decreasing the desire to eat immediately after the breakfast and before the lunch. Hunger was significantly higher in the HF meal conditions immediately after the breakfast and the addition of red pepper to the experimental meals significantly decreased this variable immediately after the breakfast and before the lunch. Fullness and satiety were not significantly modified by the experimental meals.
Study 2
The effects of the red-pepper appetizer on energy and macronutrient intakes are shown in Table 4 ; these values do not include the energy and macronutrient content of the appetizer. The addition of red pepper to the experimental appetizer significantly decreased cumulative (lunch + mid-afternoon snack) carbohydrate intake (18 %, P Ͻ 0⋅05) and energy intake (11 %, P Ͻ 0⋅05) at lunch and snack. Fig. 2 presents changes in the sympathetic : parasympathetic nervous system activity ratio as reflected by changes in the low : high frequency ratio of the power spectra as measured by power spectral analysis of heart rate. The addition of red pepper to the experimental appetizer significantly increased the sympathetic : parasympathetic nervous system activity ratio during and immediately after the appetizer ingestion. However, there was no further effect of the red pepper appetizer during or after the ad libitum lunch.
The correlation between changes in the sympathetic : parasympathetic nervous system activity ratio from baseline and energy intake is shown in Fig 3. Changes in the sympathetic : parasympathetic nervous system activity ratio tended to be negatively correlated with energy intake, but this effect failed to reach standard statistical significance (P = 0⋅09).
In the two studies, no subject reported nausea or any other unpleasant effects related to red pepper ingestion. Although this issue was not investigated with specific questions, the absence of unpleasant sensations related to red-pepper ingestion suggests that its effects were not explained by a transitory discomfort under the red-pepper condition.
Discussion
The results of these studies indicate that the ingestion of red pepper decreases subsequent protein and fat intakes as well as appetite in Japanese females. In Caucasian males, redpepper ingestion reduces spontaneous energy intake, an effect which might be related to an increase in SNS activity. Addition of capsaicin to the diet is known to affect energy metabolism by activating the SNS in animals (Watanabe et al. 1987a,b; Kawada et al. 1988) , and an increase in SNS activity is known to favour a decrease in food intake (Russek et al. 1987; Bray, 1991; Raben et al. 1996) . In the present study, we investigated the effects of dietary red pepper on energy and macronutrient intakes. The impact of diet composition on feeding behaviour and subsequent energy intake was also examined.
Effect of diet composition on food intake behaviour
In Study 1, the desire to eat and the level of hunger immediately after the HF breakfast were greater than those observed after the HC breakfast. The prospective food consumption was also greater immediately after the 118 M. Yoshioka et al. (Table 2) , immediately before and after high-fat and high-carbohydrate breakfasts with or without red pepper, and before and after a subsequent lunch-time meal. The breakfasts were: (− −W− −), high fat; (-X-), high fat plus red pepper; (− −K− −), high carbohydrate; (-O-), high carbohydrate plus red pepper. Values are means for thirteen subjects. There was a significant effect of diet composition by three-way ANOVA, * P Ͻ 0⋅05, and a significant effect of red pepper by three-way ANOVA, † P Ͻ 0⋅05. HF breakfast and before the lunch than for the HC breakfast condition. These results are in agreement with those of previous studies which demonstrated that HF foods have a weak potential to promote satiety acutely Lawton et al. 1993) . However, the present results show that these changes were not associated with significant changes in ad libitum food and energy intakes at lunch-time.
The lack of a statistically significant difference in energy intake might be due to the absence of a change in carbohydrate intake but may also be attributable to a type 2 error caused by a lack of statistical power due to the large between-subject variation in the response to the ingestion of red pepper.
Effect of red pepper on food intake behaviour
It is generally believed that red pepper is used for increasing appetite under conditions of high temperature and humidity during summer time in Japan. However, experimental evidence suggests that capsaicin has the potential to decrease food intake in animals, an effect that might be mediated by SNS activity (Watanabe et al. 1987a,b; Kawada et al. 1988 ). The addition of red pepper to breakfast significantly decreased protein and fat intakes at lunchtime in Study 1, and the red-pepper appetizer decreased carbohydrate and energy intakes in Study 2. Moreover, these changes in macronutrient intake were accompanied by changes in appetite such as decreased prospective food consumption, desire to eat and hunger in Study 1. This difference between popular belief and experimental data may be explained in part by the amount of the spice ingested. Indeed, high doses of capsaicin were used in the injection studies with rats (Watanabe et al. 1987a,b; Kawada et al. 1988) and in the studies where oral administration of capsaicin or red pepper was performed in rats or human subjects (Kawada et al. 1986; Yoshioka et al. 1995; Matsuo et al. 1996; Lim et al. 1997) compared with the habitual consumption in Japan. Therefore there is a possibility that a small to moderate level of red pepper in the diet might increase food intake. Since the number of papers which document the effects of red pepper in human subjects is quite limited, further research would be needed to clarify the effects of different doses of red pepper on food and/or energy intake.
Relationship between sympathetic nervous system activity and food intake behaviour Bray (1993) has proposed that SNS activity affects food intake. Moreover, Raben et al. (1996) have recently demonstrated an association between postprandial noradrenaline 120 M. Yoshioka et al. Values for the sympathetic : parasympathetic nervous system activity ratio (expressed as the low : high frequency ratio of the power spectra as measured by power spectral analysis of heart rate) before and after ingestion of a control appetizer (− −A− −) and an appetizer containing red pepper (− −B− −). Values are means for ten subjects, with their standard errors represented by vertical bars. There was a significant effect of red pepper determined by two-way ANOVA, * P Ͻ 0⋅05. Fig. 3 . Study 2. Correlation between changes in the sympathetic : parasympathetic nervous system activity ratio (expressed as the low : high frequency ratio of the power spectra as measured by power spectral analysis of heart rate) and energy intake at lunchtime and snack meals in subjects consuming a control appetizer (A) or an appetizer containing red pepper (B). Values were obtained in ten subjects who participated in two testing sessions. The relationship is described by the equation: Y = −184⋅7X + 6070 (P = 0⋅0895, r − 0⋅390).
release and the appetite scores. Therefore, these observations imply that increasing SNS activity should result in a decrease in ad libitum food intake. In Study 2, the addition of red pepper to the experimental appetizer significantly decreased energy intake at lunch-time and significantly increased the sympathetic : parasympathetic nervous system activity ratio during and immediately after ingestion of the appetizer. Moreover, D sympathetic : parasympathetic nervous system activity ratio tended to be negatively correlated with energy intake. If we postulate that this change in the sympathetic : parasympathetic nervous system activity ratio reflects an increase in SNS activity, these results are in agreement with those of Russek et al. (1987) who demonstrated that catecholamines, especially adrenaline, have an anorectic effect that may be due to a modification of the hepatic metabolism. We have recently reported that there is a peak increase in catecholamine levels immediately after red-pepper ingestion (Lim et al. 1997) and that the increase in thermogenesis immediately after the ingestion of red pepper is abolished by a b-adrenergic blockade (Yoshioka et al. 1995) . Thus, these changes in catecholamines might have also affected the feeding behaviour in the present studies. The latter observations suggest that spicy foods taken as an appetizer could be a successful prescription to decrease subsequent ad libitum energy intake and to increase thermogenesis, because spices such as red pepper increase SNS activity. In summary, the addition of red pepper to a meal decreased the desire to eat as well as protein and fat intakes at the next meal in Japanese subjects. Moreover, the addition of red pepper to an appetizer at lunch-time decreased carbohydrate and energy intakes at lunch and snack meals in Caucasians. These changes in energy intake tended to be negatively correlated with the increase in the sympathetic : parasympathetic nervous system activity ratio as measured by power spectral analysis of heart rate. These results suggest that the addition of red pepper to the diet decreases energy intake, an effect which might be mediated by an increase in SNS activity. 
